Bacteriophage Mu seems to be a potentially useful tool for in vivo genetic engineering, because it can act as a transposable genetic element. The host range of Mu is normally restricted to certain strains of Escherichia coli, Shigella dysenteriae, and Citrobacter freundii, but not Salmonella typhimurium (21) . A mutant ofKlebsiellapneumoniae that is sensitive to Mu infection has also been isolated (30) . However, the insertion of Mu into broad-host-range plasmids of the P-1 incompatibility group, such as RP4 or RK2, allow the introduction of Mu into other strains of gram-negative bacteria (4, 7) . Unlike other temperate phages, bacteriophage Mu inserts its DNA at many different loci in the genome of its host bacterium, E. coli, and induces stable mutations by gene inactivation (3, 5, 35) . Mu also mediates integration of circular DNA, such as phage A DNA (3, 13), F factor (12, 39) , and RP4 (10) , into the host chromosome. After induction or infection with Mu, closed circles are formed that contain bacterial sequences covalently linked to complete Mu genomes. Mu can mediate transfer of chromosomal markers by promoting the formation of plasmid primes or the integration of plasmids into the chromosome to form "intermediate Hfr" donor strains (12, 39) . This property and the finding that the Mu genome can be expressed in new hosts other than E. coli indicate that the Mu genome should be very useful tool for genetic manipulations (6, 10, 14) .
Previously, we extended the host range of coliphage P1 (25) and created intergeneric hybrid strains of enteric bacteria (26) . However, the arylsulfatase gene, atsK, from Klebsiella aerogenes could not be transferred to E. coli, because the DNA homology of the ats genes of these two bacteria is low. Nonhomologous gene transfer between different bacteria would be possible with a Mu prophages of a transmissible plasmid and of the chromosome in a bacterial strain because of recombination between the two prophages (10, 39) . In the present work, we expanded the bacterial host range of Mu and examined the conditions necessary for transfer of several genes, including atsK, between taxonomically different bacteria by using RP4: :Mu Rao (University of California, Davis), respectively. Media. The rich media used were Penassay broth (antibiotic assay medium 3; Difco Laboratories, Detroit, Mich.) and LB medium, consisting of 1% tryptone (Difco), 0.5% yeast extract (Difco), and 0.5% NaCl. The supplemented LB media used were as follows: LBC, LB plus 5 mM CaCl262H20; LB plus 25 pig of kanamycin per ml and LBAKT, LB plus ampicillin (100 pug/ml), kanamycin (25 pig/ml), and tetracycline (50 pg/ml). The minimal medium used for most bacteria was K medium, consisting of 0.5% carbon source, 0.1% nitrogen source, 0.1 M potassium phosphate buffer (pH 7.2), 0.01% MgCl2.6H20, 1 mM sulfur compound, and 0.001% each NaCl, MnCl2. 4H20, and FeCl3 6H20. The medium used for growth of E. coli, S. typhimurium, Proteus mirabilis, Proteus rettgeri, Erwinia amylovora, and Erwinia carotovora was supplemented with 1 mM CaCl2.2H20 and thiamine (10jpg/ml). Unless otherwise mentioned, glucose, NH4Cl, and Na2SO4 were used as the carbon, nitrogen, and sulfur sources, respectively. Sodium glutamate was used as the nitrogen source for Pseudomonas amyloderamosa KIC (19) . For growth of Rhizobium strains (NH4)2HP04 was used as a nitrogen source, and thiamine (10 pg/ml) and biotin (0.5 pg/ml) were added to the K medium. For growth ofBacillus cereus, CDS medium (28) Phage titers were determined as follows. E. coli EG47 was grown in LBC medium containing 10 mM MgSO4.7H20 to a density of 109 bacteria per ml.
Appropriate dilutions of the lysate (0.2 ml) were mixed with the culture broth of strain EG47 (0.2 ml) and incubated at 30°C for 30 min to allow adsorption. with cephalexin (500 pg/ml) instead of penicillin. Ampicillin-resistant strains of E. coli and K. aerogenes were killed on incubation for 2 to 4 h in K medium containing 250 pg of cephalexin per ml. Tyramine oxicase-negative mutants were isolated as described previously (24) .
Enzyme assays. Arylsulfatase and tyramine oxidase activities were assayed as descibed previously (24) . One unit of arylsulfatase activity was defined as the amount causing formation of 1 nmol of p-nitrophenol per min at 300C.
RESULTS
Transfer of genes for antibiotic resistance to various bacteria. RP4: Mu plasmids in E. coli strains were used to select Mu-sensitive variants from a resistant population of bacteria. 
aerogenes MK9000 and about 40 to 60 min for those of P. amyloderamosa KIC and A. faecalis subsp. myxogenes 22. In contrast, fewer phages were produced and longer heat treatment was required when the cultures were shifted to 30°C. Lysis was indicated by decrease in turbidity and the appearance of flocculated cells at the bottoms of the test tubes. When a higher density of cells (>109 cells per ml) was used, a longer heating time was required. Unexpectedly, we found that addition of a high concentration of MgSO4 to LB broth before heat induction stimulated the yield of Mu phage: phage production was maximal when cells were incubated with 0.2 to 0.4 M MgSO4 (Fig. 1) , and under these conditions the number produced was 102 times greater than that without MgSO4. Lysis This can lead to transfer of the bacterial sequences carried by this circular DNA to any location in either the chromosome or the plasmid (10, 39) . For intergeneric transfer of various genes, including ats, from K. aerogenes strains to E. coli strains, we constructed RP4 Mu cts 61 in K. aerogenes by introducing RP4 without Mu into strains carrying the Mu cts6l prophage on the chromosome, using segregants isolated as shown in Table 4 . Anticipating that the frequency of such intergeneric transduction would be low because of the existence of a restrictionmodification system and action of zygotic induction when the RP4 DNA carried a Mu prophage (10), we used Mu-lysogenized E. coli C600, a restrictionless strain, as the recipient. Thus, E. coli C600 was lysogenized with Mu cts62. The tyn::Mu cts, trp::Mu cts, and tyn::Mu cts trp:: Mu cts mutants were obtained by partial heat induction at 380C for 16 h. These mutants were isolated by enrichment with cephalexin (500 ltg/ ml) instead of treatment with penicillin. E. coli and K. aerogenes strains carrying RP4 were resistant to penicillin G but were sensitive to cephalexin, which (like penicillin G) inhibits cell (34) . K. aerogenes strains carrying a thermoinducible Mu prophage on the chromosome and RP4 or RP4::Mu cts61 in the cytoplasm were mated with polyauxotrophic E. coli recipients with or without Mu prophage. Transductants which had lost one of their auxotrophic requirements were selected. These clones were expected to contain an RP4 or RP4::Mu cts plasmid that had gained the corresponding wildtype allele from the donor. The donor cells were preincubated at 38°C.
As expected from the random integration of Mu and the plasmid after phage induction, all the markers were transferred at relatively high frequencies (Table 5 ). Strain K204-1 (RP4::Mu cts6l) showed higher efficiencies of transfer of the trp and tyn-ats genes than did strain K204-2 (RP4) (Mu cts) as donor. This may be due to differences in the populations of random Mupromoted Hfr formation in the donor cells reultng from recombination between homologous Mu regions, with consequent mobilization of the chromosome (39) . However, at least part of the transfer was due to the formation of RP4-prime episomes, which transferred the thr, leu, tip, tyn, and ats genes after induction of Mu cts prophages in the chromosome. When E. coli strain CT3, without Mu prophage in the chromosome, was used as a recipient, no Tyn+ Ats+ recombinants were detected, but Thr+ Leu+ intergeneric recombinants were obtained at a low frequency. These observations suggest that Mu integrations into the tip and tyn genes increase the efficiency of intergeneric gene translocation by homologous recombination between Mu DNAs and that zygotic induction is prevented by Mu cts prophages in recipient cells.
Regulation of arylsulfatase synthesis in intergeneric recombinants of enteric bacteria. The expressions of the tynK and atsK genes from K. aerogenes in E. coli were investigated. K. aerogenes strains MK9000 (wild type) and MKNM1 (tyn::Mu cts6l), E. coli strains C600 and CTM4 (tyn::Mu cts62 tip: :Mu cts62), and the intergeneric recombinant strains isolated as shown in Table 5 were grown with various sulfur sources and with or without tyramine. Strains CTMA1, CTMA2, CTMA3, CTMA4, and CTMA5 were derived from E. coli strains CTM1, CTM2, CTM3, CTM4, and CTM5, respectively, which were isolated independently as tyn and tip strains, like CTM4, by Mu integration into these genes of strain C600. The cells were harvested during the exponential phase of growth and assayed for arylsulfatase. In the K. aerogenes mutant strain MKNM1, the repression of arylsulfatase by inorganic sulfate or cysteine was not relieved by addition of tyramine (Table 6 ). Since the tyn gene in strain MKNM1 is inactivated by insertion of Mu phage, this observation confirms that derepression of arylsulfatase synthesis is due to the synthesis of tyramine oxidase (24) . Moreover, no activity was observed in E. coli strains C600 and CTM4 even in the presence of atsz, as shown previously (26, 38) . The cells of recombinants containing the tynK and atsK genes in E. coli grown with sodium sulfate or cysteine as a sulfur source had a lower level of arylsulfatase, and this repression of arylsulfatase synthesis was derepressed by addition of tyramine, whereas, as in K. aerogenes MK9000, arylsulfatase was synthesized in E. coli when the recombinant cells were grown with methionine or taurine as the sole source of sulfur. These results show that the regulation system for arylsulfatase synthesis in E. coli is similar to that in K. aerogenes. DISCUSSION K. aerogenes, which is taxonomically related to E. coli and to S. typhimurium, has a number of metabolic abilities not found in the latter two strains; in particular, it is capable of metabolizing arylsulfate ester (24) , pentitol (32) , histidine (29) , and pullulan (2, 23) . However, in most bacteria our understanding of these interesting properties is limited by lack of a suitable gene transfer system.
Most of the bacterial strains used here are important in agriculture or in industrial microbiology: K. aerogenes produces pullulanase (2, 23) ; some strains of K. pneumoniae (30) , R. bers of these genera are resistant to Mu infection, Mu was readily introduced into several strains by using the hybrid plasmid RP4::Mu cts. Transconjugants of these bacteria maintained this plasmid, but about 20 to 50% of the Mu-infected population lost the RP4::Mu cts plasmid during transfer or stock in an unselective medium. All the plasmid markers were expressed in these bacteria, and in most respects the transconjugants behaved as normal Mu cts lysogens. Mu phage was produced from these lysogens by heat induction and formed plaques on E. coli strains EG47 and C600, but not on Mu lysogens. Previously, we extended the host range of coliphage P1 to members of the genera used here (25) and to the strains of enteric bacteria reported by Goldberg et al. (15) and created intergeneric hybrid strains of enteric bacteria by transfer of the leucine and tyramine oxidase genes between K. aerogenes, E. coli, and S. typhimurium (26) . However, a low transduction frequency was observed when the donor and recipient organisms were from different bacterial genera, owing to lack of DNA homology between the selected genes (26, 36) . Moreover, the optimal multiplicity of infection was 0.1 to 0.5 for transduction between members of the same strain, whereas it was 5 to 10 for intergeneric transduction (26) . The yields of phage P1 were low in most bacteria other than typical enteric bacteria (25) . In this work, we tested suitable conditions for obtaining a high yield ofMu phage and found that addition of an appropriate concentration of MgSO4 (0.2 to 0.4 M) to the medium stimulated the production ofMu ets phage.
The arylsulfatase gene from K. aerogenes could not be transferred to E. coli by using P1 clrlOOKM, because the DNA homology of the ats genes of the two bacteria is low (26, 38 (10, 39) . In intergeneric recombination of ats, homologous recombination probably occurred between Mu DNAs which had been inserted into the chromosomes of both the donor and recipient strains near the ats gene. Thus, Mu could be used to transfer special genes between the strains of gram-negative bacteria listed here as well as between K. pneumoniae M5al (30) , Erwinia stewartii (7) , Pseudomonas solanacearum (4), A. tumefaciens (37) , and Rhizobium meliloti (4), reported by other workers. Unexpectedly, we also succeeded in transferring RP4: :Mu cts to B. cereus IF03001, and the strain showed kanamycin-resistance and temperature sensitivity. Since the drug-resistant strain of B. cereus did not produce Mu phage and was very unstable, there may be some barriers to expression of RP4: :Mu cts in gram-positive bacteria.
When the donor and recipient organisms were from different groups of bacteria, a low transfer fiequency was observed, probably owing to zygotic induction of Mu in new strains and to a restriction-modification system. It should be possible to isolate mutants deficient in a restriction system. Heat treatment of recipient strains may also help to reduce restriction of transfer of different DNAs, as shown in the Rhizobium strains used here and in R. meliloti 2011 (10) and C. freundii (9) .
